Experiments were carried out to study the sedimentation of a two-dimensional particle cloud. When a large number of particles (glass beads) of uniform size are released from a two-dimensional opening into a column of fresh water, the mixture initially descends as a thermal; however, after some time, the particles start settling individually, thus leaving the parent fluid behind. For a given type of particle, the critical depth z, at which this transition occurs, measured from a virtual origin, was found to change as Z,W/V-(Q/vw,>~, with o~O.3, where w, is the terminal velocity of a single particle, Y is the kinematic viscosity, and Q is the total buoyancy of the released particles per unit length. The descending velocity and the spatial growth of the particle cloud were found to depend on its sedimentation characteristics.
I. INTRODUCTION
The motions of buoyancy particles suspended within a fluid are usually described using two different approaches. First, the motions of individual particles can be considered from a microscopic point of view as in the case of particle settling when the mean particle concentration is uniform (see, for example, Davis and Acrivos' and Batchelor2) . Second, from a macroscopic point of view, it is sometimes possible to treat a particle-laden flow as a buoyancyinduced flow, as in the case of turbidity currents, in which the buoyancy Ab is due to the presence of suspended particles; here Ab=p&C, where g '[=g(p,--pf) /pP] is the reduced gravity, pP is the density of the particles, pf is the density of the fluid, C is the volume concentration, and g is the gravitational acceleration (see, for example, Simpson3 and Noh and Fernando4).
Although it is often possible to describe the motion of suspended particles using one of the above approaches exclusively, there are many fluid-dynamical problems in which one should consider both individual particle motions and buoyancy-induced fluid motions. A few examples are bioconvection, where suspensions of swimming microorganisms induce convective fluid motions,5-7 sedimentation in inclined channels where the sedimentation is enhanced by the buoyancy-driven flow along the channel slope, sV9 and the formation of lutoclines in estuaries due to the buoyancy flux generated by the turbulent diffusion of suspended particles. " Another interesting flow situation of this type is the sedimentation of a particle cloud. If C and pP are large and terminal settling velocity w, is small, it may fall as a thermal, a buoyant blob of tlnite size. On the other hand, if C and pP are small and w, is large, the cloud is expected to descend as a swarm of individual particles, thus leaving the parent fluid-which originally contained the particlesbehind. In the former case, which is referred to as the thermal regime, convectional fluid motions characteristic of thermals are expected within the cloud and in the background, while, in the latter case, which is referred to as the particle-settling regime, the background fluid is relatively undisturbed by the sedimentation. The descending velocity of the cloud is determined by the motion of the thermal or the settling of individual particles, depending on the prevailing conditions. For example, when effluents containing sediment particles are discharged into the ocean, they may either descend as a thermal, carrying a large mass of entrained surface water into the deep ocean or settle as individual particles in which case such enhanced vertical mass transport is unlikely.
The motion of a small spherical particle in the fluid can be described by"
where mp is the mass of a particle, y is the particle drag coefficient, and u(x,t) and v,(t) are the velocities of fluid and a suspended particle, respectively. In the steady state with the unbounded quiescent background fluid, the particle settles at the terminal velocity w, under the balance between the gravitational force and the frictional force. When the Reynolds number of a particle Re ( =awJy) is small (Re < I), y is given by the Stokes formula such as y= 6npa,
where a is the radius of a sphere and p ( =pIy) is molecular viscosity. In this case the thermal velocity w, can be obtained as
There have been attempts to investigate the cases with larger Re values or of more complex situations involving nonspherical particles and particle interaction (see, for example, Davis and Acrivos, l Boothroyd, 12 and Clift et al. 13) . The sedimentation of a particle has also been found to be affected by the motion of the ambient fluid. l&l7 In particular, Stomme114 showed that a particle can be suspended indefinitely, without settling, at suffi-ciently small values of wJU, where U is the velocity scale of the ambient flow field. On the other hand, in the studies where the sedimentation of a cluster of a few particles were studied,'8Z'9 it was found that the settling velocity of particles is greater than that of single particle settling, and the interaction between particles induces rotation and separation of the particles.
Several laboratory experiments have been carried out to study the motion of a thermal formed by the release of a buoyant parcel of fluid.'G26 Upon release, the thermal first accelerates to its maximum velocity within a few seconds, and then decelerates continuously satisfying certain similarity conditions. For a two-dimensional thermal, dimensional arguments show that its width I, the velocity of descent wf, and the mean buoyancy b are given by l=c,z,
b=c3Qz-2,
where Q is the total released buoyancy of a thermal per unit length, z is the vertical position of the front measured from a virtual origin, and cl, c2, and c3 are constants. Here the virtual origin is defined as the vertical location where Z=O. It has also been reported that the motion of a twodimensional thermal can be described by a vortex pair whose circulation is induced by the buoyancy forces.25,26 Experiments on the sedimentation of a threedimensional particle cloud in air have been carried out by Slack."7 Recently, similar experiments have been carried out in water by Btihler and Papantoniou2* and Nakatsuji et aZ. '9 Both the thermal regime and the particle-settling regime were observed during these experiments. However, neither the effects of the buoyancy generated by the particle cloud on the transition between two different flow regimes nor the depth of the transition during descent of the cloud has been clarified yet. Childress and Peyret3' developed a numerical model for the two-dimensional convection generated by solid particles suspended in a viscous fluid. The particle inertia was neglected in their model, however, and this made it difficult to discern the particlesettling regime.
In this paper, the sedimentation of a two-dimensional particle cloud is investigated experimentally to examine the conditions under which the particle cloud settles as a thermal or as a swarm of individual particles slipping through the ambient fluid. Measurements are also made on the velocity of descent and the spatial growth of the particle cloud during its descent.
II. EXPERIMENTS
The experiments were conducted in a rectangular Plexiglas tank of cross section 182.9 cmX 15.3 cm and height 121.9 cm. The tank was filled with fresh water to a depth of 111.9 cm. After waiting for about one hour for residual fluid motions to decay, a two-dimensional particle cloud (a thermal) was released, using a two-dimensional funnel of triangular cross section and 15.3 cm in length (see Fig. 1 ) .
FIG. 1.
A schematic view of the particle releasing mechanism.
The funnel had a 1 cm wide slit at the bottom, which was initially blocked by a removable plug. The particle cloud was prepared by placing glass beads into the funnel and then pouring 50 ml of fresh water, dyed with fluorescein, into it, while the distribution of glass beads were made uniform along the funnel. As shown in Fig. 1 , the level of water surface within the funnel was about 1 cm higher than that in the tank. Caused by the hydrostatic pressure, as the slit was opened by removing the plug, the dyed water was drained down through the slit, while sweeping glass beads together at the same time. This formed a particle cloud, where glass beads and dyed water were mixed naturally. Soon after the release, the disturbance velocity owing to the initial momentum of release becomes much smaller than that of a particle cloud. For example, at a depth of 10 cm, the descending velocity of a 50 ml fresh water cloud released by this mechanism was about I cm see-', whereas the corresponding velocity of a particle cloud was of the order of 10 cm set-'.
The particles used were glass beads. Their mean diameters were 80, 240, 510, and 720 p with density ~~-2.49 g/cm3. The thermal velocity was evaluated indirectly using the drag coefficient for the particle with the corresponding Reynolds number (see, for example, Boothroyd'2 for the drag coefficient). The variation of the particle diameters was within 10% of its mean value. The total released mass of the particles was calculated by measuring the input mass and the remnant mass after the release. The Reynolds number Re=awJv was in the range 0.2 <Re<41.7. A vertical sheet of argon-ion laser light, passing through the center of the tank, was used for flow visualization. The fluid motions were video recorded and were later analyzed.
DlMENSlONAL ANALYSIS
It is reasonable to expect that the motion of a particle cloud made of uniform particles is determined by such parameters as the radius of the particles a, the kinematic viscosity v of the fluid, the number of the released particles per unit length N, which can be obtained by dividing the total number of released particles from the funnel by the length of the funnel, the gravitational force of a particle m+? and the distance from a virtual origin to the frontal position of the particle cloud z. The initial size of the particle cloud lo is considered unimportant as it is much smaller than the horizontal size 2 during the observations. Since the terminal velocity of a single particle in a quiescent ambient fluid w, is determined by a, ms', and V, w, can be used as an independent parameter instead of mpg'. Similarly, N can be replaced by the total buoyancy Q per unit length, because Q= ( 4/3)ira3p&N.
Then, using dimensional analysis, the critical value of z, zC, at which the transition from the thermal regime to the particlesettling regime occurs can be expressed as (7) The physical significance of V/W, in (7) can be understood by the fact that a particle is more likely to move together with the fluid as a thermal at larger viscosity and smaller size. Detailed discussion is made in the Appendix.
Further, the horizontal size I and the descending velocity wf of the particle cloud can be nondimensionalized in terms of z and w,, viz., i=zf (-=$ Se,:) and (8) (9) Since a/z4 1 during observations, the dependence on a/z is assumed to be negligible, and Eqs. (8) and (9) A. The transition from thermal regime to particlesettling regime Figure 2 shows a typical sedimentation pattern of a particle cloud (Re=2.5, Q=341 cm3 set-*). Initially, the particles move together with the parent fluid, and the fluid motion is characterized by a two-dimensional therma123'24 [ Fig. 2(a) ]. A sharp front appears at the bottom of the particle cloud, and the vortex motion and intense mixing can be observed within the particle cloud. Particles are swept upward from the frontal region by the vortex motion. Turbulence within the particle cloud causes entrainment of surrounding fluid into the thermal.
In the later stages [ Fig. 2(c) ], however, the particles and the parent fluid are separated. The settling particles form a bowl-shaped cloud; and the dyed parent fluid, now being devoid of buoyancy forces, shows the signs of decaying turbulence and vortices. Particle motions are characterized by uniform gravitational settling. Although a welldefined frontal region appears at the bottom of a particle cloud, its characteristics are different from those of a thermal described above.
Figure 2(b) shows the stage at which the transition from the thermal regime to the particle-settling regime occurs. The transition occurs over a vertical distance of about 10 cm, in most cases. The transition can be identified by the separation of particles from the dyed parent fluid. It can also be identified by the changes that occur at the front; in the former, the particles are swept upward by the vortices, where in the latter they move downward uniformly.
The variations of the depth of the transition zC with increasing Q are shown in Fig. 3 for different particle sizes (different Re values) in order to determine the functional form given by (7). Best-fit lines to the data presented in Fig. 3 suggest that The above results are not consistent with Slack's suggestion 27 that the transition between the regimes depends only on the particle size. On the other hand, Boothroyd'* and Biihler and Papantoniou2* suggested that the critical depth may occur when the particle settling velocity w, becomes the same as the descending velocity of the particle cloud as a thermal. This leads to ws-(Q/-G> 1'2,
or z, -Q/w:,
which is also not supported by the experimental data. It is expected that the critical depth z, is dependent on the particle inertia, the turbulent intensity within a particle cloud and the interparticle distance, in addition to the ratio ws/wf. For example, suspended particles induce buoyancy forces in the surrounding fluid through the interphasial friction between particles and fluid. If the interparticle distance becomes too large, however, the interphasial friction cannot induce buoyancy force in the parent fluid which leads to convectional fluid motions (see the Appendix). In this stage the fluid motion cannot be characterized by a thermal, as assumed in ( 13), anymore.
B. The velocity of a sedimenting particle cloud
The descending velocity of a particle cloud was measured by monitoring the frontal position. When the frontal position is difficult to identify in the particle-settling regime, at large w, and small Q, the settling velocities of individual particles were measured instead. Figure 4 shows the variation of the velocity of descent wf with z for Q=47, 447, and 2434 cm3 set* and Re=2.5. It is observed that the velocity gradually approaches a constant value after the transition at z=.q, while it decreases approximately as WfccZ -1'2 during the thermal phase. It is noted, however, that the settling velocity at z>z e is still larger than w,. This may be due to the inertia of the particle cloud, as well as due to the increase of settling velocity as a result of the interaction between particles.'sS'9 Since the downward background fluid velocity u(x,t) exists due to the thermal motion, it will lead to the increased terminal settling velocity.
In order to further investigate the transition between the regimes, the variation of wf with Q is shown in Fig. 5 , when z=60 cm. When particle clouds are in the thermal regime, wf a Q1'2 is followed in accordance with (5)) but it approaches a constant value corresponding to w, in the particle-settling regime. The dependence on Re, however, is not noticeable. C. The growth of a particle cloud size
The growth of the horizontal size of the particle cloud I during its descent was measured, and the results are shown in Fig. 6 , for the cases Q=47, 447, and 2434 cm3 set -' and Re=2.5. A distinct change of the growth pattern cannot be seen at the transition point. Apparently, the turbulence generated during the thermal regime continues to contribute to the growth of the cloud for some time after the transition. Turbulence generated by the wakes of individual particles can be important, too, as is evident from the observation that I still increases with z even when the particle cloud is in the particle-settling regime from the beginning of the experiment (i.e., experiments with very small Q and large w,).
The variation of the cloud size 1 with Q is shown in Fig. 7 where I was measured at 2=70 cm. It is evident that 1 is independent of Q during the thermal regime, while it increases with Q during the particle-settling regime. The dependence on Re is not noticeable.
V. CONCLUSIONS AND DISCUSSKIN
In this paper, an experimental study on the descent of a two-dimensional particle cloud was described. The major aim was to investigate the conditions under which the cloud has the form of a descending thermal or can be considered as individually settling particles. Initially, a descending particle cloud has the form of a thermal, but, after some time, it transforms to a regime where individual particles settle independent of the parent fluid. The critical depth of the transition z, was found to be given by Z,W~V a (Q/VW&~, with (Y ~0.3, when the particle Reynolds number Re ( =awdv) remains a constant; here w, is the terminal settling velocity of a particle in a quiescent fluid, Y is the kinematic viscosity, and Q is the total buoyancy of the released particles per unit length. The present results are at variance with the previous suggestions12.28 that the transition occurs when wf-w, where wf is the descending velocity of the particle cloud, or that the regime is determined solely by the size of the particles.27
During the present experiment, the descending velocity wf was always found to be larger than We during the thermal regime, as suggested by Fig. 5 . The condition required for wf < w, at the transition can be obtained from (5) and (12) as
where c4 is a constant that depends on Re. Studies on the motion of suspended particles in the presence of ambient fluid motion"" suggest that the thermal regime is indeed possible even when wf < w, provided that the turbulence of the parent fluid is strong enough to keep the particles in suspension. Since in the present case the turbulent field is generated by the sedimentation itself, it is not clear whether wf < w, is realizable. It is also known that the background turbulent intensity is an important factor for the case of fluidization of particles,10*3' which suggests that the measurement of turbulent intensity within a particle cloud is imperative in understanding the mechanisms of transition.
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APPENDIX: ANALYSIS ON THE MOTION OF A GROUP OF N PARTICLES SETTLING IN A QUIESCENT FLUID
When the particle settles down with the terminal velocity w, in the steady state of ( 1) with no background fluid motion (u=O), the gravitational force Fb ( =m,g' ) and the frictional force Fd ( = -yv J are balanced. According to Newton's law of action and reaction the equal amount of frictional force as Fd is exerted to the fluid from the particle through the interphasial area to the opposite direction (see, for example, Marble32). Therefore, when a group of N particles settles, the fluid will experience the force F*, which can be described as N F*(x)=Yw,~~~ S(X--Xi), (AlI =mpg' g 6(x--xj), (A21 i=l if the particle size is neglected, where xi is the position of the ith particle. Similar arguments were made to calculate the buoyancy by the suspended particles in the numerical simulations by Noh and Fernando" and Childress and Peyret.30 The momentum induced by F" spreads, however, over the fluid phase by viscosity. To estimate the momentum transfer from the particle surface to the fluid, it is necessary to consider the fluid motion around a settling particle. The flow field caused by a spherical particle moving with steady velocity Ue at small Reynolds number can be described by Oseen's III   b47) using Ua= We, where 8 is the angle from the direction of U,, and S=wJv. The tangential velocity ue at O=s-/2 is then obtained as .
(A81
Because the first term on the rhs of (A8) is negligible at large r/a, the characteristic thickness of the momentum diffusion during the settling of a particle can be estimated as 6. Therefore, it is expected that the momentum of the fluid phase spreads out sufficiently between the particles during the settling so that the fluid and the particles move together with the velocity w, as a single phase fluid, when the interparticle distance d is much smaller than 6. In this case, the virtual buoyancy force of the fluid per unit volume V is given by F=;, F"dV s 0 (A9) =m&n/V (AlO) = ppw,
where II is the number of particles per unit volume. On the other hand, if d)S, the momentum from the interphasial friction is localized near the surfaces of particles. Most of the fluid phase is left behind while particles settle. The former case corresponds to the thermal regime, and the latter case corresponds to the particle-settling regime. It is clear from above that d/S is an important parameter to determine whether the 0uid and the suspended particles move together as a single phase fluid or not. If d is assumed to increase with z linearly as in the case of a thermal, the critical depth of the transition can be predicted by z,wJv -const.
(A121 The above criterion is based, however, on the assumption of a quiescent background fluid and of a small Re number. For the actual situation, the buoyancy induced by the suspended particle generates the downward motion of a thermal and the generation of turbulence. This will affect the mechanism described above, because the fluid velocity field u in ( 1) cannot be regarded as zero anymore. Besides, the presence of turbulence may affect the estimation of 6. It is easy to understand that the critical depth can be also affected by Re, because the flow field past the sphere described by (A7) has to be modified at larger Re. Therefore, z,wJv becomes a function of Q and Re as shown in (7).
